A, G. Contract No. KR97 1750TRN
ADOT BECS File: JPA 97-120
Project: SRP #466/R0466 10P
Scope: Develop Variable Speed
Limit Puzzy Logic Algorithm

AGREEMENT
BETWEEN
THE STATE OF ARIZONA
AND
THE ARIZONA BOARD OF REGENTS
ACTING FOR AND ON BEHALF OF
NORTHERN ARIZONA UNIVERSITY

.'J’
THIS AGREEMENT is entered into /(Wéz/éf , 1997,

between agencies of the STATE OF ARIZONA, to wit; the DEPARTMENT
OF %RANSPORTATION (the "DOT") and the ARIZONA BOARD OF REGENTS
acting for and on behalf of the NORTHERN ARIZONA UNIVERSITY
(NAU}, (the "University"™).

I. RECITALS

1. The DOT is empowered by Arizona Revised 3tatutes Section
28~108 to enter into this agreement and has by resolution, a copy
of which is attached hereto and made a part hereof, resolved to
enter into this agreement and has delegated to the undersigned
the authority to execute this agreement on behalf of the DOT.

2. The University is empowered by Arizona Revised Statutes
Section 15-1626 to enter into this agreement and has by Policy
BOR 3-103, a copy of which is attached hereto and made a part
hereof, authority to execute this agreement on behalf of <the
University.

3. The DOT and the University desire to conduct reseazch
and achieve the development of a “fuzzy logic” algorithm for
variable speed limit display signs for State highways, at an
estimated cost of $97,600.00, all at DOT expense, hereinafter
referred to as the Project.

THEREFORE, in consideration of the mutual agreements expressed
herein, it is agreed as follows:
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il. SCOPE OF WORK

1. The DOT will:

a. Appoint a Project coordinator within the DOT's
Transportation Technology Group to interface with the University
relating to the research and development.

b. Provide the University with information and data as
may be reasonably available to assist in the Project research and
development.

c. Reimburse the University within forty-five (453) days
after receipt and approval of monthly invoices, in a total amount
not to exceed 5$97,600.00.

2. The University will:

a. Appoint a Project coordinator at the University
(NAU) tc interface with the DOT relating to the research and
development.

b. Accomplish the research and development generally in
accordance with Exhibit A, which is attached hereto and made a
part hereof, including the development of a “fuzzy logic”
algorithm, simulation testing, the construction and testing of a
prototype, and & final report documenting the program, data
derived, and the final results. Such reports will be in & format
compliant with the DOTs “Guidelines for Preparing Research
Reports.”

¢. No more often than monthly, inveice the DOT in the
form of Exhibit B attached hereto, supported by narrative reports
and an accounting of moenthly costs and expenditures on the
Project. Upon completion of the Project, provide the DOT with a
detailed final report.

ITI. MISCELLANEQUS PROVISIONS

1. Title to all documents, reports and other deliverables
prepared by the University in performance of this agreement shall
rest jointly with the DOT and the University.

2. This agreement shall become effective upon signature by
the parties hereto, and shall remain in force and effect from 13
August 1997 until completion of said Project and reimbursements;
provided, however, that this agreement, may be cancelled at any
time prior to the commencement of performance under this
agreement, upon thirty (30) days written notice to the other
parcty.

3. The parties agree to comply with all applicable state
and federal laws, rules, regulations and executive orders
governing equal employment opportunity, immigration,
nondiscrimination and affirmative action.

4. This agreement may be cancelled in accordance with
Arizona Revised Statutes Section 38-511.
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5. The provisions of Arizona Revised Statutes Section 35~
214 are applicable to this contract.

6. in the event of any controversy which may arise out of
this agreement, the parties hereto agree to abide by required
arbitration as is set forth in Arizona Revised Statutes Section
12-1518 and 12-133 and rules promulgated thereunder.

7. All notices or demands upen any party to this agreement
shall be in writing and shall be delivered in person or sent by
mail addressed as follows:

Arizona Department of Transportation
Joint Project Administration

205 South 17 Avenue, Mail Drop 616E
Phoenix, AZ 85007

Northern Arizona University

Office of Grant and Contract Services
NAU Box 4130

Flagstaff, AZ 86011-4130

IN WITNESS WHEREOF, the parties have executed this agreement the
day and year first above written.

STATE OF ARIZONA

NORTHERN ARIZONA UNIVERSITY DEPARTMENT OF TRANSPORTATION
o o 4 A~ N ’L/?/
KATHERYN CRUZ-URIBE < PIM WOLFli
Interim Assoclate Provost Assistant State Englne r

for Research and Graduate Studies

97-~120.doc
l8aug
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RESOLUTION

BE IT RESOLVED on this 5th day of August 1997, that I, the
undersigned LARRY 5. BONINE, as Director of the Arizona
Department of Transportation, have determined that it is in the
best interests of the State of Arizona that the Department of
Transportation, acting by and through the Intermodal
Transportaticon Division, to enter into an agreement with Northern
Arizona University for the purpose of defining responsibilities
for the University to conduct research and develop a "“fuzzy
logic” algorithm for implementing a variable speed limit control
system.

Therefore, authorization is hereby granted to draft said
agreement which, upon completion, shall be submitted to the
Assistant State Engineer for approval and execution.

Mg g A

for LARRY S. BONINE
Director
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APPROVAL OF

THE NORTHERN ARIZONA UNIVERSITY ATTORNEY

I have reviewed the above referenced proposed
intergovernmental agreement, between the DEPARTMENT OF
TRANSPORTATION, HIGHWAYS DIVISION, and t+he NORTHERN ARIZONA
UNIVERSITY, and declare this agreement to be in proper form and
within the powers and authority granted to the University under

the laws of the State of Arizona.

DATED this 2¢)  day of /’”l/k—axﬁcz}j, , 1997.

0. Dea, 5T

Attorney
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White Paper on a Fuzzy Variable Speed Limit Device

273197
John Placer and Assim Sagahyroon
Department of Computer Sciegce and Electrlcal Engineering
Northern Arizona University

John Harper and Joshua Sarath
Arizona Departrnent of Transportation

This paper desctibes an approach for the application of fuzzy control systems techaology to the
development of a varieble specd limit device for improving driving safety on Arizona highways, This

approach would be & significant improvemest on prior solutions for the {ollowing reasons.

. Fuzzy technology is a good match when dealing with complex nonlinear systems that involve
multiple input and cutput parameters. A vaizble speed limit device would involve rwitiple inputs
from sensors monitoring weathes conditons and potentially {rom uafflc monltoring sensors.
Multisle outputs would also be needed which would include speed limit updates and signals to
preprogrammed message boards

2. Fuzzy technology is a powerful way in which to solve problems when imprecision pnd vagueness
are ipherent spects of the problem domein, Road safety conditions do not change et precise values
of environmental parameters such as road ice thickness and wind velocity, Rather imprecise ranges
of such parameters are best used to datermine safe speed limits and other safety issues

3. The fuzzy system design process involves close interaction with experls in the problem domain. In
the case of the development of an intelligent wraffic system, those persons most qualified 10 assess
the safety issues (i.e the Arizona Department of Public Safety, highway mainienance personnel,
ADOT engineers, etc ) would be intimately involved in the design effort.

4. Fuzzy control systems make use of Tinguistic rules that can be read and understood by engineers
and non-engincers alike, The rules that form the heart of a fuzzy control system ars written in
everyday linguistic terms provided by the domain experts themselves. This allows these same
experts not only to actively participate in the design process but plso to participate in the review
and testing process.

Background

The public and their elected officials know that transportation is one of the elements of our national
infrastructure used by virtually every American, gveryday. They now recognize that our currant
transportation system is in need of sigaificant lmprovements. Age old approaches to solvigg transportation
problems no longer work We need new, fresh ideas and approaches; innovalive solutions are needed.

In 1991, Congtess authorized a program exploring the nse of advanced computer and senser
technologies to improve the safety and efficiency of travel on higbways and mass trapsit. 1hat pregram
has evolved to become known as [ntelligeat Transportation Systems (ITS). In establishing the ITs
program, Congress Jaid out a set of diverse objectives. These included reducing coogestion, making travel
safer, increasing productivity and safegunrdiog the environment. These objectives are (o be achieved
through the use of advanced techaologics which jnclude information processing, communications, control
and electronics. The abjectives of the LTS program, therefore, can be realized by Involving research,
strategic planning and operational tests of new technologies and systems.

Traffic accidents and congestion ke a heavy toll i lives, lost productivity znd wasted energy. In
1993, traffic accidents claimed 40, 115 lives and injured an addjtlonal 3 miltion people Cited in many of
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these accidents were 'speed too fast for conditions.’ The Strategic Plan for Early Deplayiment of Intelligent
Transportation Systems on Intarstaie 40 Corridor identified several ‘high priority needs that must be
addressed.! Oae of those high priority needs was ' Variable speed limit signing based on weather
conditions. The Arizona Department of Public Safety (DPS) has also identified variable speed finls as a
major issue. On a national and worldwide basis, countries and communities are intexested in (inding ways
to control speeds based on actual roadway and environmental conditions

Trying to determine an appropriate driving speed ander less than ideal copditions [s a difficult
challenge at best. Equally difficult is for law enforcement agencies to enforce and cite someone going oo
fast for conditions. It is a difficult and subjective determination. In many cases drivers are cited for going
too fast for conditions, after the accident has ocourred. I's a difficult and subjective delermination.
Currently no system is available to identify safé speed limits on a variable basis. Attenipts have been made
to implement such systems, such as one recently tested m Albuquergue, New Mexico, but most have been
viewed as failures. The Washington Depurlasent of Transportation is testing 8 variable speed limit signing
system in thelr state on the loterstate 94 corridor. Many countries in Burope bave also undertaken testing.
Many. if not all, of these projests utilize similar technologies and melhodology

Travelers have relied upon control systems, such es the traffic signal, that have changed little since
they were first developed. The same can be said of speed limits in general. Inmost jurisdictions,
maximum speed limits are posted based on jdeal conditions. Generally this has Jittle to do with actual
environmentat or roadway conditions. Similarly, systems have been developed to control speeds based on
conditions that may not reflect driver behavior or actual conditions. This breeds disrespect and eventual
disregard for the message What is needed is areal time, environmentally accurate and responsive system
{hat displays to motorists, safe driving speeds. The system proposed for this research project, wilizing
newly developed concepts in fuzzy control systems. will take a different, innovative approach to this issue.

Fuzzy Technology

Fuzzy systems are well suited to the control of complex non-linear systems where classical
mathematical,analysis is difficult and inprecision is an isherent part of the problern domain. Fuzzy
systems currently ore being used in numerous and diverse applications. Consumer products ow ulilize
fuzzy control systems In washing machines, air conditioners, video recorder controls, television sonirols,
vacuum cleaners, microwave ovens, and in auto-focus mechanisms in cameras. Some of the industrial,
enginearing, and scientific applications of fuzzy systems include water purification, nuclear reaclor
control, elevator control, autonomous orbital operations, aircrall flight control, and gasuline relinery
catalytic reformer controls. In short, fuzzy technology is proving itself to be effective in a broad cross
section of difficult contro! problems. [tis now time to apply this powerful technology ta Inteliigens
Transportation Systems. -

At the heait of @ fuzzy controf system is a collection of conditional statements that make use of
everyday linguistic terms  For example, the following rule might be one of 8 numbet of rules found in a
fuzzy system that relates water fevels end wind velocity 1 a resulting speed limit.

if water_level Is high and wind_velocity Is brisk then driving_speed is low.

In the sample rule given above, water_level and wind_vefocity represent mensured quantities or input
values that are being monitored by our hypothetical fuzzy system whereas the entity driving_speed
represents an output variable that is being controiled by the system. Thus, if the water level input sensor
measures a high water level and the wind velocity input sensor measures a brisk wind velocity, then the
variable speed limit device being controlled by our hypothetical system is made Lo broadeast a Iow driving
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speed. The entities Aigh, brisk, and low, sre called linguistic terms and are used to represent imprecise or
vague concepls.

Working with imprecision can actually be used to advantage when solving problems such as
determining a safe driving speed based on subjective measurements. To understand this advantage consider
the consequences of traating the wind velocity brisk as a precise eategory or set of values. First one would
have to deiermine the exact range of velocities that arc to be classified as brisk  If one decided that the low
end of this range was 50 mph, then & wind velocity of 49 9999 mph would not be considered to be brisk
whereas a wind velocity of 50.0000 miph would be considered a brisk velocity. Similarly if ane decided
that the high end of the set of brisk velocities was 75 mph, then a wind velocity of 75 0001 mph would not
be considered to be brisk wheress a wind velocity of 75 0000 would be regarded as a brisk velocily. Both
of these precise limijts do not relate well to the way ig which a category like brisk is used in everyday life.
A small change in wind velocity should not result in & large and sbrupt change in how the new velocity is
conceptualized Such an abrups transition occurs only when brisk is assumed to be a precise concept
because then any given wind velocity must bz classified as belonging to the set brisk vither completely o
not at all. 1n other words, without imprecision the boundaties of categories are abrupt and precise:

To remedy this situation, the boundaries of the set drisk can be made “fuzzy” or imprecise by allowing
wind velogitics to belong to the set with partial membership. An example of this fuzxilication of the set

brisk is given below.

membership 107 .l
values
0.5

0 brisk |

0 10 20 30 40 50 80 70 8¢ 90 100 {mpl)

In the groph nbove, enly the velocity 60 mph belongs completely to the set brisk since its membership
value is 1.0. All other velocities roughly between 45 and 80 mph belong to the set with membership values
somewhere between 0.0 and 1.0, For example, 55 mph has a membership value of approximately 0.7 in
the set brisk. In nther words. it can be said that 55 mph has the aturibute of briskuess to degree 0.7 whereas
60 mph has 100% of the attribute of briskness. When other categories of wind velocity are added lo the
graph above, it can be seen that making our sets fuzzy of imprecise allows wind velocities to balong to
more than one sat. For example, in the graph given below 70 mph belongs to the set of brisk velocities to
about degree 0 5 and it also belongs to the set of dangerous velocilies to roughly degree 0.25. Thus 70
mph is considered both a brisk and a dangerous velocity although it is more brigk than dangerous. This
overlapping of conceptual categories is compatible with the way humans think dbout the werld and #t also
results in control systems whose output characledstics move smoothly from one category of ipput value to

the next.

values

050 N

i’i“{b'{'icra{e N dangcmus

o 10 20 30 4 50 60 0 80 50 100 {mph)
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t is important to point out that the use of linguistic terms like high, brisk, and Jow, in a fuzzy systea’s
rule set, allows that rule set to be rzad and understood by persons with and without extensive technical
taining. The rules offer as intjtive view of how the corresponding fuzzy control system operates, In fact
this intuitive approach to modeling a control problem has wany sdvantages. One major advantage relsies [0
the development of the firzzy control algorithm (rule set). A fuzey system can be effectively developed by
working closely with experts in a field of interest. The knowledge of these expets is directly enceded ina
simple set of conditional staternents that use linguistic terma and categories utilized by the exparis
themselves. “The rules then reflect the manner in which the experts think and reason about their field of
expertise. Even though these experts are not trained as fuzzy engineers, they can actively participate in the
development of the fuzzy control algorithm that solves the problem of interest.  In addition to this, they
also can sasily review the rules ot each stage of development in order to eliminate inacouracies or

misunderstandings early tn the design process.

The development of a fuzzy control algorithm for a variable speed limit device would involve close
interaction with police officers, highway maintenance workers, ADOT engineers, and other related
personnel , The experience and knowledge of these experts would be direetly enceded into the fuzzy
control system developed for the variable speed limit device. This same pool of experts would be used 1o
review the rules developad in order to provide feedback on the overall conceptual fitness of the rule set. Of
course, the final implementation and simylation testing of the system would be cordueted by the engineers
respongible for creating the system. However, the simulated system could be made available to the real
“gxperts” so that they could also be involved in testing the system by comparing their intuitive notion of
what the input-output relationships should be with the actual performancz of the simulated system.

Design Concept

The fuzzy varleble speed limit sysiem beiug proposed would contain multiple inputs and at least two
outputs ‘The inputs would be made up of various types of sensor dats such as wind velocitles, road lce
thickness, road water leveis and other weather related information Other inputs might include traffic
information such as traffic flow density data and traffic speed datz.  The output of the propused fueey
system would include a varlable speed limit rating as well as a signal to be broadeast 1o a preprogrammed
traftic message board. A simple block diagram is given below.

. HCRS

Weather = MNeeded ) Needed / Variable Speed
dats. Conversions Fuzzy Conversiony H=% Display Device
Traffic Sensorsi | (e.p analog- Controller (eg. digial- |
data to-digital) to-dnalog) | -
Opea ey ! Lyl . Preprogramnied
channet. | | | Message

: i Board

In the diagram above, en open chanael has also been sugeested. This channel could be used by police
or ADOT to send z signal to the tuzzy controiler. This signal might be used to overridus all other inputs in
the case of an gccident or other emergency situation.
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Development Plan

Develop Fuzzy Algorithm  (August 1997 - December 1997)

Development of the fuzzy control algorithm, the heart of the final fuzzy system, will involve
extensive interviews with police officers, highway maintenance workers, ADOT enginzers
end other personpel with knowledge of the important parameters and fssues related 1o safe
driving spesds on the highway chosen for deployment. As the fuzzy rales are developed,
they will be entered into a fuzzy safhware development systen in preparation for simulation
testing, Part of this development process will involve defining the lingulstic terms used to
create the fuzzy rules as well as the ectal parameter ranges associated with the various

linguistic terms and input variables.

Simulation Testing (January 1997 - March 1997)

A software simulation of the fuzzy control system will be tested. These tests will berurt in
collaboration with police. highway maintenance personnel, ADOT enpineers, and others
farniliar with highway safety issues

Build and Test Prototype  (April 1997 - June 1997)

A stand-alone prototype of the final variable speed limit device will be constructed ard tested
s a simulation environment The same test data used for the software simulation will he uset
10 test the prototype.

Complation of Final Report (June 1987 - July 1997}

A final report will be written which documents the information derived from the developnent
of the fuzzy linguistic rules, the implementation of the fuzzy software and hardwerz 25t
system, and the final results

Preliminary Cost Analysis - (approx. $92,000)
Release time cavering two semesters for two NAU professors. $52,000
Two student assistants for two semesters 54000
Protatype control systems 510,000

One PC laptop - for transporting the fuzzy
software simulation to personnel in various

locations: $2500
One fuzzy controlier development system: $2500
Miseellaneous hardware and software: $5000

(¢-g. transducers, converters, software tor
girulation esting, etc)

Travel. $6000
Working with personne} from ADOT, DPS, efc. in developing and testing the fuzzy

conerol rules plus meetings with fuzzy system experts.

Final Report. $20,00G0
Two NAU professors for 6 man-weeks plus student suppert.

-
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Future Directfions

Implementation and Testing of System

If the cutcome of the simulation testing of the fazzy variable speed limit control system is
deemed successful by the architects of the completed sysem as well as ADOT and the FHWA, the
next step would be planning, fimding end deploying zu cperational field test. Agein those cxperts
used in the initial development process would beused t evaluate the field test.

Performance Measures and Evaiuatfan

The evalvation of the fuzzy variable speed lmit control system would inchude at a minimum

the fullowing issues:

+  determining if the technology enhances the tuspartation system

» determining whether the technology enbances caisting ITS fzalures already deployed in the
field

v recommendation on whether to expand the projeet in the corridar or elsewhere

« demonstration of the henefits to the public sed private sectors

v  demonstration that the completed project mects cortddor nesds as identificd in the Strateuic
Plan for Eariv Deplovment of [ntellirent Trensporiation Systems on Interstate 40 Comridor
project for Arizona

Other Applications

The successful results from this project will pat in place & technica] foundation For solving
other critical transportation problems. The successful design and implementation of a {uzzy
variable speed limit device would open the way for m2ny other applications of fuzzy logic to
intellizent transportetion systems. Among these agplications would be intelligent wraffic signal
systems, intetligent in-vehicle communication systems, nd intelligent dust-storm warning
devices. Many other ITS systems could benefit frent applications wtilizing thls technology-
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White Paper on a Fuzzy Variable Speed Limit Device

213197
Jobhm Placer and Assim Sagahyroon
Departiment of Computer Scieuce and Eectrlcal Engineering
Northern Arizona University

Joha Harper and Joshua Sarath
Arizona Departmest of Transportation

This paper desciibes an approach for the application of fuzzy control systems technology to the
development of a variable speed limit device for improving driving sofety on Arizona highways. This

approach would be a significant improvemest 01 prior salutlons for the (ollowing reesons.

. Fuzzy technology is # good match when dealing with complex nonlinear systems that involve
multiple input and output parameters. A variable speed limit device would involve multiple inputs
from sensors monitoring weather conditions and potentially from traffle monitoring sen505s.
Multiple outputs would also be needed which would include speed limit updates and sigaals to
preprograpuned message boards.

2. Fuzzy technology is a powerful way in which to solve problems when imprecision und vagueness
are isherent aspects of the probjem dowain. Road safety conditions do not chapge et precise values
of environmental parameters suck as road ice thickness and wind velacity, Rather imprecise ranges
of such parameters are best used to determine aafe speed limits and olher safety issues

3. The fuzzy system design process involves close interaction with experts in the problem domain. In
the case of the development of an intelligent waffic sysiem, those persons most qualified 10 assess
the safety issues (j.e the Arizona Department of Public Safety, highway maintenance pessonnel,
ADOT engineers, ete ) would be iptimately involved in the design effort

4. Fuzzy control systems make use of inguistic rules that can be read and understood by engineers
and non-engineers alike. The rules that form the heart of a fuzzy control system are written in
everyday linguistic terma provided by the dorain experts themselves. This allows these ssme

experls not oaly to actively participate in the design process but also 1o participate in the review
and testing process.

Background

The public and their elected cfficials know that transportation is one of the elemnents of our national
infrastructure used by virtually every American, everyday. They now recognize that our current
transportation system is in need of siguilicant lmprovements. Age old approachts to solving transperiation
prableins no longer work. We need new, fresh ideas and approeches; innovalive soiutions are needed.

In 1991, Congtess authorized a program exploring the use of sdvapced computer and sensor
technologies to improve the safety and efficiency of wavel ov highways and mass transit. 1hat program
has evolved to beceme known as [ntelligent Transportation Systems (ITS). 1n establishiag the ITS
program, Congress laid out a et of diverse alijectives. These included reducing congestion, making travel
safer, increasing productivity and safeguardiog the environment. These objectives are to be achleved
through the use of advanced technologies which joclude informalion processing, communications, control
and electronics. The objectives of the 1TS program, (herefore, can be realized by involving research,

strategic planning and operational tests of new technologies and systems.

Traffic aceidents and congestion ke 3 heavy toll in lives, lost produetivity end wasted energy- In
1993, traffic accidents cleimed 40, 113 lives and injured an addldonal 3 million people. Cited in many of
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these accidents were 'speed too fast for conditions.’ The Strategic Plan for Early Deployment af Inelligent
Transportation Systems on lnterstate 40 Corridor identified several 'high priority needs that must be
addressed.’ Oae of those high priority needs was ' Yariable spead limit signing based on weather
conditions' The Arizena Department of Public Safety (DPS) has also identified varlable speed fimlisas a
major issue. On a national snd worldwide basis, countries and communities are interested in (inding ways
to control speeds based on actval roadway and environmental conditions

Trying to determine an appropriate driving speed nnder less than ideal conditions is a difficult
challenge at best. Equally difficult is for law enforcement agencies to enforce and cite someone going too
Fast {or conditions. It is a difficult and subjective determination. In many cases drivers are ciled for going
too fast for conditions, after the accident has occurred. s a difficult and subjective determination.
Currently no systent is available to identify safe speed limits on a variable bagis. Aftempts have been made
to impJlement such systems, such as one recently tested in Albutuercue, New Mexico, but most have been
viewed as failures. The Washington Dapartment of Transportation is testing a variable speed limit signing
system in their state on the lnterstate 94 corridor. Many couniries in Burope have alse undertoken testing.
Many. if not all, of these projects utilize simitar technologies and methodology

Travelers have relicd upon control systems, such 25 the traffic signal, that have changed little since
they were first developed. The same can be seid of speed limits in general. [nmost judsdjctions,
maximum speed limits are posted based on ideal conditions. Generally this has Jittle 10 do with actual
environmental or roadway conditions  Similarly, systems have been developed to control speeds based on
conditions that may not reflect driver behavior or actual conditions. This breeds disrespect and eventual
disregard for the message. What is needed is a real time, enviroamentally accurate and responsive system
that displays to motorists, safe driving speeds. The system proposed for this research project, wilizing
newly developed concepts in fiizzy control systems. will take a different, mnovative approach to this issue.

Fuzzy Technology

Fuzzy systems are well suited to the control of complex non-linear systems where classical
mathematical analysis is difficult and imprecision is an inherent part of the problesn domain. Fuzzy
systems cutrently are being tsed in numerous and diverse applications . Consumer products now utilize
fuzzy control sysiems in washing rachines, air condilivoess, video recorder controls, television controls,
vacuum cleaners, microwave ovens, and in auto-focus mechanisms in canieras. Some of e industrial,
engineering, and scientific applications of fuzzy systems include water purification, nuclear reaclor
control, elevator contral, autonomous orbital operations, aireral {light control, and gasoline refinery
catalytic reformer controls. In short, fuzzy technology is proving itself to be effective in a broad cross
section of difficult contro! problems. It is now lime to apply this powerful technology to Intelligent
Transpostation Systems. -

Atthe heart of a fuzzy control system is a collection of conditional statements that make use of
everyday linguistic termis  For example, the following rule might be one of » number of rules found in a
fuzzy system that relates water levels and wind velocity 10 a resulting speed fimit.

If water_level Is high and wind_velocity is brisk then driving_speed is low.

in the sample rule given above, water_level and wind_velocity represent measured quantities or input
values that are being monitored by our hypothetical fuzzy system whereas Lthe entity driving_speed
represents an output variable that is being controlled by the system. Lhus, if the waler level input sensor
measures a high water Jevel and the wind velocity input sensor measures a brisk wind velocity, then the
variable speed limit device being controlled by our hypothetical system is made Lo broadeast a fow driving
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speed. The entities high, brisk, and low, are called Hinguistic terms and are used to represent imprecise o
vague concepls.

Working with imprecision can actually be used to advaniage when solving problerns such as
delermining a safe driving speed based on subjective measurements. To vaderstand this advantage consider
the consequences of treating the wind velocity brisk as a precise category or set of values. First one would
have to derermine the exact range of velocities that are to be classified as brisk [ one decided that the low
end of this range was 50 mpl, then a wind velocity of 49.9999 mph would not be considered to be brisk
whereas a wind velocity of 50.0000 mph would be considered a brisk velecity. Similarly if ene decided
that the high end of the set of brisk velocities was 75 mph, then a wind velocity of 75 0001 mph would not
be considered to bs brisk whereas a wind velosity of 75 0000 would be regarded as a brisk velocity. Both
of these precise limits do not relate well to the way in which a category like brisk is used in everyday life.
A small change in wind velocity should not result in a large and abrupt change in how the new velocily is

conceptualized Such an sbrupt transition occurs only when brisk is assumed to be a precise concept
because then any given wind velocity must bz classified as belonging to the set brisk either completely or
not etall. In other words, without imprecision the boundacies of categories are abrupt and precise.

To remedy this sitvation, the boundaries of the set brisk can be made “fuzzy” or imprecise by allowing
wind velocitics to belong te the set with partial membership. An exzmple of this {uz«ification of the set
britk is given below.

membership 100 . .. ...
values
0.5
0 brisk >

¢ 10 26 30 a6 50 60 70 80 90 100 (mph)

In the graph above, only the velocity 60 mph belongs cornpletely to the set brisk since its membership
valuz is 1.0, All other velocities roughly between 45 and 80 mph belong 1o the set with membership values
somewhere between 0.0 and 1.0, For example, 55 mph has a membership value of approximately 0.7 in
the set brisk. In other words. it can be said that 55 mph has the atufbute of briskness to degree 0.7 whereas
60 mph has 100% of the attribute of briskness. When other categories of wind velocity are added lo the
graph above, it can be seen that waking our sets fuzzy or imprecise llows wind velocities to belony to
more than one set. For example, i the graph given below 70 mph belongs to the set of Grisk velocities 1o
about degree 0 5 and it also belonas to the set of dongerous velocilies to roughly degree 0.25. Thus 70
mph is considered both a brisk and a dangerous velocity although it is more brisk than dangerous. This
overlapping of conceptual categories is compatible with the way humans think dbout the werld and it also
resuslts in control systems whose output characleristics move smoothly from one category of ipput value to

the next,

values \\\
AN V4

0 10 20 30 40 50 60 70 8O 90 100 (mph)

0.5

dongerous
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It is important to point out that the use of linguistic terrms like high, brisk, and low, in a fuzzy system’s
rule set, allows that rule set to be read and understood by persons wilh and without extensive technical
training. The rules offer an intujtive view of how the cosresponding fuzzy contrel system operates. n fact
this intuitive approach to modeling a control problem has many advaniages. One major advantage rejuiss to
the development of the fuzzy control algorithim (rule set). A fuzey syStem can be effectively developed by
working closely with experts In a fizld of interest ‘The knowledge of these experts is directly encoded in a
simple set of conditional statementy thet use linguistic terms and categories wtilized by the exparls
themselves. The ruies then reflect the manner in which the experts think and reason about their field of
expertise. Even though these experts are not trained as fuzzy engineers, they cap actively participate in the
development of the fuzzy control algorithm that solves the problem of interest. In addition to this, they
also can casily review the rules at each stage of development in order to eliminate inaccuracies or

misunderstandings earty In the design process.

The development of a fuzzy control algorithm for a variable speed limit device would involve close
interaction with police officers, hiphway maintenance workers, ADOT engineexs, and other related
personnel . The experience and knowJedge of these experts would be dircetly encoded into the fuzzy
control system developed for the variable speed limit device. 1his same pool of experts would be used 10
review the rules developad in order to provide feedback on the overall conceptual fitmess of the rule set. Of
course, the final implementation and simulation testing of the system would be conducted by the engineers
responsible for creating the system. However, the simulaled system could be made aveileble to the real
“experts” so that they could also be involved in testing the system by comparisg their intuitive notion of
what the input-putput relationships should be with the actoal performance of the simulated system.

Design Concept

The fuzzy varlable speed limit system being proposed would contain multiple inputs and at least tho
outputs. ‘The inputs would be made up of various types of sensor data such as wind velocltles, road ice
thickness, road water levels and other weather related information. Other inputs might include traffic
information such as traffic flow density data and traffic spzed data  The output of the prapused lueey
system would include & varlable speed limit rating as well as @ signa! to be broadcast to a preprogrammed
traffic message board. A simple hlock diagram is given below.

. HCRS
Weather —+ Meeded Needed Variable Speed
L —M . . :
data. Conversions Fuzzy Conversions % Display Device
Traffic — Sensors (e.p. analog- Conzrotler (e.g. digial- | Ln______%
data to-digital) to-analog)
Open v - L . Preprogramnied
channel. N I Message
: i Board

In the dlagram sbove, 8o open channet has also been suggested. This channel could be used by police
or ADOT to send a signal to the fuzzy controller. Tbis sigral might be used o override all other inputs in
the case of an accident or other emergency situation.
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Development Plan

Develop Fuzzy Algorithm  (August 1997 - December 1997)

Development of the fuzzy contro} algorithm, the heart of the final fuzazy system, will involve
extensive interviews with police officers. highway maintenance workers, ADOT enginears
end other personnel with knowledge of the important parametors and issues related w safe
driving speeds on the highway chosen for deployment. As the fuzey rules are developed,
they will be eatered into 2 fuzzy software development system in preparation for sunulation
testing. Part of this development process wilt invelve defining the linguistic terms nsed to
create the fuzzy rules as well a5 the actual parameter ranges sssocialed with the various

linguistic terms and input variables.

Simulation Testing (January 1997 - March 1997)

A software simulation of the fuzzy contio] systetn will be tested. These tests witt berur in
collaboration with police, highway maintenance personnel, ADOT engineers, and cthers
familiac with highway safety issuves

Build and Test Prototype  (April 1897 - June 1687)

A stand-glone prototype of the final variable speed limit device will be constructed and tested
i a simulation environment The same test data used for the software simulation will bz used
10 test the prototype.

Completion of Final Report (June 1997 - July 1997)

A final repore will be written which documents the information derived from the development.
of the fuzzy linguistic rules, the impiementation of the fuzzy software and hardwarz t2st
system, and the final results

Preliminary Cost Analysis - (approX. $92,000)

Release time covering two semesters for two NAU professors. §32,000
Two student assistants for two semesters 54000
Prototype control systems  $10,000

One PC faptop - for transporting the fuzzy
software simulation to persentiel in various

Jocations: $2500
One fuzzy controller development gystem: $2500
Miscellaneous hardware and software: $5000

{c.g- trapsducers, coavestets, software tor
simulagion testing, elc.)

Travel. $6000
Workimg with personnel from ADOT, DPS, ete. in developing and testing the fozzy

control rules plus meetings with fuzzy system experts.

Final Report. $20,600
Two NAU professors for 6 man-weeks phus student support.

~2
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Future Directions

Implementation and Testing of System

1¥ the outcome of the simulation testing of te fizzy variable speed timit control system is
deemed successful by the architects of the completed syseem as well as ADOT and the FHWA, the
next step would be planning, funding 2od deploving 2n eperational field test. Again those cxperts
used in the initial development process would be sed t evaluate the field test.

Parformance Measures and Evalustion

The evaluation of the fuzzy variable speed Fnit control systemn would include at @ minimum

the following issues:

e determining if the technology enhances the tmesportation system

v determining whether the technology enhances existing, ITS fratures elready deployed in the
fizld

. recommendation on whether to expand the project in the corridor or gisewhere

o demonstration of the benefits to the public aed private sectors

+  demonstration that the completed project mecls comidor needs as identified in the Strateeic
Plan for Earlv Deplovineat of Intellivent Tramoortation Systems con Interstate 40 Corridor
project for Arizona

Other Applications

The successful results fram this project will put i place » teshnical foundation for solving
other critical transportation problems. The stccesfal design rod Implementation of a (vzzy
variahle speed limit device would open the way for many other spplications of fuzzy jogicto
intelligent transportation systems. Among these sgpliretions would be intelligent 1raffic signal
systems, intefligent in-vehicle comimuatcation systems. gad intelligent dust-storm warning
devices. Many other [TS systems could benefs from applications utilizing this welmology-
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